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Abstract 14 
1. Alpine and Arctic treeline expansion depends on establishment of tree seedlings 15 
beyond the current treeline, which is expected to occur with climate warming. 16 
However, treelines often fail to respond to higher temperatures, and it is therefore 17 
likely that other environmental factors are important for seedling establishment.  18 
2. We aimed to analyse our current understanding of how temperature and a range of 19 
other environmental drivers affect tree seedling establishment at the alpine and Arctic 20 
treelines worldwide, and to assess the relative importance of temperature compared 21 
with other factors and how they interact. 22 
3. We collected 366 observations from 76 experimental and observational papers for a 23 
qualitative analysis of the role of a wide range of environmental factors on tree seed 24 
germination, tree seedling growth, survival and natural occurrence. For a subset of 25 
these studies, where the experimental design allowed, we conducted formal meta-26 
analyses to reveal if there were global drivers for different seedling life traits. 27 
4. The analyses showed that a wide range of abiotic and biotic factors affected tree 28 
seedling establishment besides from temperature, including water, snow, nutrients, 29 
light, and surrounding vegetation. The meta-analyses showed that different seedling 30 
life stages do not respond similarly to environmental factors. For example, 31 
temperature had positive effects on growth, while tree seedling survival and 32 
germination showed mixed responses to warming. Further, warming was as often as 33 
not the strongest factor controlling tree seedling establishment, when compared to 34 
with one of five other environmental factors. Moreover, warming effects often 35 
depended on other factors such as moisture or the presence of surrounding vegetation.  36 
5. Our results suggests that population dynamics of trees at the alpine and Arctic treeline 37 
are responsive to environmental changes and show that there is a clear need for multi-38 
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factorial studies if we want to fully understand and predict the interplay between 39 
warming and other environmental factors and their effect on tree seedling 40 
establishment across current treelines.  41 
42 
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Introduction 43 
The latitudinal and altitudinal treelines delineate the boundary between the low-statured 44 
Arctic and alpine tundra and the boreal and montane forests. Changes in position of these 45 
treelines, for example in response to global change, may strongly feed back to our climate, 46 
through reductions in albedo and carbon storage (Chapin et al. 2005; Hartley et al. 2012; 47 
Parker et al. 2015). Globally, a growing season mean soil temperature of 6.7 (±0.8 SE) °C 48 
coincides with the treeline position (Körner & Paulsen 2004; Körner 2007a) and global 49 
warming is therefore generally assumed to cause treeline shifts. However, treelines often 50 
fail to respond to higher temperatures (Lavoie & Payette 1996; Dalen & Hofgaard 2005; 51 
Harsch et al. 2009; Aune et al. 2011; Vuorinen et al. 2017). Other environmental factors, 52 
such as moisture (Moyes et al. 2015), snow cover (Hagedorn et al. 2014), nutrient 53 
availability (Sullivan et al. 2015), surrounding vegetation or disturbances (Cairns & Moen 54 
2004), are therefore likely involved in regulating treeline responses. Tree seedling 55 
establishment beyond the treeline is a key step for treeline expansion (Germino et al. 2002; 56 
Smith et al. 2003; Holtmeier & Broll 2005; Moen et al. 2008). Understanding how 57 
temperature and other environmental factors regulate tree seedling establishment beyond 58 
the treeline is thus crucial for predicting responses of the treeline to climate change, but so 59 
far, an overview of the relative importance and interactions of such factors is lacking. 60 
A lack of positive responses of treelines to increases in temperature may 61 
indicate that other factors than temperature are more limiting for tree establishment 62 
beyond the treeline. Due to their small size and therefore limited reserves or protective 63 
structures, establishing tree seedlings can potentially be limited by a wide range of other 64 
environmental factors. Relative to adult plants and seeds, tree seedlings are highly 65 
sensitive to desiccation (Leck et al. 2008) and soil moisture is thus likely one important 66 
factor for tree seedlings, even at the cold alpine or Arctic treeline. Further, as temperature 67 
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limits mineralization in cold ecosystems (Schmidt et al. 2002), nutrients, especially 68 
nitrogen (N), limit growth in many alpine and Arctic ecosystems (Bowman et al. 1993; Van 69 
Wijk et al. 2003) and treelines can be N-limited (Sullivan et al. 2015). Snow can be an 70 
important driver of treeline advances (Hallinger et al. 2010; Kirdyanov et al. 2012; 71 
Hagedorn et al. 2014) through its thermal insulation and effects on soil nutrient status 72 
(Schimel et al. 2004), and wind exposure; this can have especially large effects at the 73 
seedling stage. At alpine treelines, high elevation and absence of a tree canopy causes light 74 
intensities to be high, especially at low latitudes. This may stress seedlings above the 75 
treeline through cold-induced photo inhibition (Facelli 2008). Locally, but also at a larger 76 
scale, disturbance by herbivores can be the main control of the treeline (Cairns & Moen 77 
2004), potentially through its control of seedling establishment (Speed et al. 2010). As 78 
temperature increases, these other environmental factors may become more or less 79 
limiting for tree establishment (Barber et al. 2000). For example, warming may induce 80 
drought stress if soil moisture is not high enough to meet the seedlings’ increased demand 81 
for water under higher temperatures (Moyes et al. 2015). Warming may also change 82 
interactions between plants and enhance competition from surrounding vegetation 83 
(Anthelme et al. 2014). Multiple environmental factors may thus simultaneously affect 84 
seedling establishment at the treeline, be more or less important than temperature, and 85 
interact depending on the local context. 86 
Successful establishment of tree seedlings is dependent on the presence of 87 
viable seeds at the treeline and on their germination. Subsequently, seedlings have to 88 
survive and grow into mature trees. Each step can be a bottleneck and be affected 89 
differently by environmental factors. In fact, germination might be promoted by factors 90 
that decrease subsequent seedling growth (Schupp 1995; Cranston & Hermanutz 2013), 91 
and survival might be enhanced by investment in structural tissues or defence compounds, 92 
which at the same time might be at the cost of fast growth (Grime 1977). A large body of 93 
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literature exists that investigates or compares how these different tree seedling stages and 94 
life strategies are affected by one or a few environmental factors at the alpine and Arctic 95 
treeline. However, there is to date only a limited overview of how a range of multiple 96 
environmental factors can impact on the different phases of seedling establishment, and 97 
therefore we currently do not fully understand their relative importance or how they 98 
interact.  99 
In this paper, we aim to synthesise our current knowledge about how tree 100 
seedling establishment at alpine and Arctic treelines globally are impacted by multiple 101 
environmental factors. Below, we therefore analyse and discuss findings from published 102 
literature, to answer: (i) how are different seedling life traits related to establishment 103 
(germination, survival, growth and occurrence) affected by a range of abiotic and biotic 104 
factors at the alpine and Arctic treeline? (ii) What is the relative importance of temperature 105 
compared to other environmental factors with regard to seedling establishment at the 106 
treeline, and (how) do these factors interact? Finally, we will indicate gaps in our current 107 
knowledge. 108 
 109 
Methods 110 
Literature and data search and selection  111 
To answer our two research questions, we performed a search on the Web of Science 112 
(Thomson Reuters) on 5 March 2018 using the following search string: Topic=((treeline* 113 
OR tree-line OR "treeline" OR "upper limit") AND (tundra OR alpine) AND tree* AND  114 
(seedling* OR sapling* OR germinat*) AND (germinat* OR growth OR biomass OR surviv* 115 
OR emerg* OR establish* OR recruit*)) AND Language=(English) AND Document 116 
Types=(Article). The search resulted in 214 papers, which covered the period from 1988 – 117 
2018. To retrieve as many relevant data as possible, we further searched through the 118 
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reference lists of all papers and added any additional papers that we were aware of or that 119 
were forwarded to us by colleagues.  120 
We only included original data studies conducted in the field at or above or 121 
north of the alpine or Arctic treeline, respectively. To keep the data as comparable as 122 
possible, only data from treeless treeline sites were included. Data were included if they 123 
investigated the effect of environmental conditions on seedling establishment (seedling 124 
occurrence, growth or survival or seed germination) of tree species native to the treeline 125 
where the study was conducted. Seedlings were defined as being smaller that one meter. 126 
Seedling growth was defined as biomass increase, length growth or photosynthesis.   If 127 
papers included several of these growth responses, biomass increase was preferred over 128 
length growth, which was preferred over photosynthesis. Data comparing effects of 129 
internal factors, such as age or species provenance, on tree seedling success were excluded. 130 
This resulted in 76 papers (= ‘studies’). If several environmental factors, tree species or 131 
years were investigated, studies were split up into different ‘observations’, which were 132 
further analysed for the effects of individual environmental factors, and, in case multiple 133 
environmental factors were included, for their relative importance and potential 134 
interactions (see below).  135 
The retrieved studies varied in their design and approach. For most 136 
germination, survival and growth studies, seeds or seedlings were placed/transplanted in 137 
either naturally varying environments or under experimental manipulation of 138 
environmental factors. However, in some studies, naturally occurring seedlings were 139 
located and their survival and growth were monitored as a response to natural 140 
environmental variation or to imposed treatments. These different types of studies vary in 141 
their power to provide understanding of different environmental drivers versus how well 142 
they represent reality. For example, studies linking natural occurrence of tree seedlings to 143 
environmental characteristics provide valuable insights in where seedlings actually 144 
Page 7 of 62
Functional Ecology: Confidential Review copy
Functional Ecology: Confidential Review copy
 8
establish but lack power in describing why they are there and not elsewhere. However, in 145 
combination these different types of approaches may complement each other and provide 146 
a powerful mechanistic understanding of the drivers of alpine and Arctic treeline 147 
responses to global change. 148 
 149 
Analyses of the individual effect of abiotic and biotic factors 150 
For the analysis of the individual effect of a range of abiotic and biotic factors (question 1), 151 
many studies did not qualify for a quantitative analysis such as a formal meta-analysis, 152 
because of lack of distinct treatment and control. This was for example the case for all 153 
studies investigating natural occurrence of seedlings. We therefore chose to perform both a 154 
formal meta-analysis of environmental effects on seedlings, providing more formal testing 155 
but covering only a (for some factors quite limited) sub-set of observations that fulfilled 156 
additional criteria (see below), and a qualitative analysis, which included all observations 157 
for each factor. Only 14 genera (274 total observations from 37 studies) were covered by 158 
the meta-analysis, whereas the full qualitative analysis dataset covered 23 genera (366 159 
total observations from 76 studies).  160 
 161 
Quantitative meta-analysis 162 
The meta-analysis mainly included observations where seeds or seedlings had been 163 
exposed to a manipulation of environmental factors. However, in a few cases we also 164 
included observations that used environmental gradients (such as elevation) as proxy for 165 
temperature, but only if the authors clearly stated that they kept other factors, such as 166 
exposure, soil conditions and vegetation, constant. 167 
For observations suited for inclusion in the meta-analysis, a database was 168 
constructed. The same study ID was given to multiple observations from the same study. 169 
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However, observations from multiple sites included in the same study were considered as 170 
independent studies and were given separate study IDs. This yielded 42 for germination, 171 
136 observations for growth, 96 for survival and none for occurrence. The observations for 172 
each seedling life trait were then categorised with respect to the following environmental 173 
factors: temperature, water (including soil moisture and precipitation), snow cover, 174 
nutrient availability, light and surrounding vegetation. While this resulted in a considerable 175 
number of observations for several of the factor × life trait combinations, there were also 176 
many combinations with low or very low numbers of observations (Fig. 2a). To enable 177 
comparison across a range of abiotic and biotic factors, we present results from formal 178 
meta-analyses appropriate for small sample sizes (<20, see below) for each combination 179 
with two or more observations, together with the corresponding sample size. However, 180 
generalisations of results based on very low replicate numbers should be done carefully 181 
and in combination with the qualitative analysis. 182 
For each observation, we extracted mean, standard deviation (sd) and number 183 
of replicates (n) from controls and treatments. Data were mainly extracted from tables, 184 
figures and main text. In some cases when this was not possible, authors were contacted to 185 
provide raw data or calculated means and sd. For each environmental factor, we calculated 186 
the mean size of its effect on seedling survival, germination or growth separately as 187 
Hedges’ g: 188 
 189 
 =  −	
	
 − 1 + 
 − 1 −  − 2
 
 190 
Where  = 1 − 
 191 
 192 
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And the variance (v) of Hedges’ g is found as: 193 
 =  +  + 

2
 +  
 194 
Where Y is the mean, n is sample size and s is the standard deviation from groups 1 and 2 195 
(treatment and control). Hedges’ g is appropriate for estimating effect sizes when the 196 
sample size is low (<20) (Koricheva et al. 2013). We analysed if the mean effect size for 197 
each environmental factor and response variable was significantly different from zero 198 
using random effects models, to account for between-study variability. This was relevant in 199 
our case as studies differed in their approach, design and location. We used restricted 200 
maximum likelihood estimators as is recommended for minimizing unbiased estimates 201 
(Viechtbauer 2005). Study ID number was used as random factor to take into account 202 
potential interdependence of observations from the same study. All analyses were 203 
performed in R statistical software (R Core Team 2016) using the Metaphor package 204 
(Viechtbauer 2010) for meta-analysis. 205 
 206 
Qualitative analysis  207 
The total dataset, used for qualitative analysis, included 45 observations for seed 208 
germination, 123 for seedling growth, 148 for survival, and 50 for occurrence. The 209 
observations for each seedling life trait were categorised with respect to the following 210 
environmental factors: temperature, water (including soil moisture and precipitation), 211 
snow cover, nutrient availability, light, surrounding vegetation and other factors 212 
(Herbivory, disturbance, fire, wind and frost)., We then summarised if observations of 213 
environmental factor effects on tree life traits (occurrence, germination, survival or 214 
growth) at alpine or Arctic treelines in the field were positive, negative, neutral or complex. 215 
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Complex results were those where the main effect of a factor was shown to be non-linear 216 
or where the study design included more complexity than what a simple assessment of the 217 
direction of a result could describe. The direction of the effect for each observation was 218 
based on the sign and significance level from the statistical analyses reported in the 219 
original study.  220 
 221 
Relative importance and interactions of temperature and other factors 222 
The relative importance of environmental factors for seedling establishment can be 223 
evaluated across observations by comparing effect sizes. However, across studies, the 224 
environmental context may vary, which potentially can affect the outcome of the response. 225 
For our second question, we therefore focused on studies that manipulated temperature 226 
together with at least one other environmental factor, and that included explicit testing of 227 
statistical interactions. Because several of the studies manipulated more than one factor in 228 
addition to temperature, we retrieved 11 observations for germination, 27 for growth and 229 
38 for survival from 13 studies altogether. However, since these relatively few 230 
observations were related to six different environmental factors (Table 1), we did not to 231 
perform a formal meta-analysis of these results. Instead, we qualitatively summarized 232 
across studies for each seedling life trait if the relative effects of two factors (within each 233 
study) differed and if they significantly interacted (within studies). The significances and 234 
effect sizes (for each observation) compared were based on the results (tables, figures) and 235 
the statistical analyses reported in the original studies. 236 
 237 
Environmental drivers of seedling establishment beyond the treeline 238 
Page 11 of 62
Functional Ecology: Confidential Review copy
Functional Ecology: Confidential Review copy
 12
The majority (>90 %) of all 366 observations were from the Northern Hemisphere, with a 239 
large over-representation of observations from North America and Europe (86%, Fig 1). 240 
Around 80 % of all observations were from medium to high latitudes (>40°, Fig 1a). 241 
Seedling survival and growth were most studied (148 and 123 observations, respectively), 242 
followed by natural occurrence (50 observations) and seed germination (45 observations, 243 
Fig 1b). Across all observations, the effects of temperature (92 observations) and 244 
surrounding vegetation (94 observations) on seedling establishment have been 245 
investigated most intensively, followed by the effects of light (61 observations), water (38 246 
observations), snow (30 observations) and nutrients (16 observations) The effects of 247 
herbivory, disturbance, fire, wind and freezing each have been studied less than 10 times. 248 
These patterns were largely similar across the sub-set of observations included in the 249 
meta-analysis (data not shown). Below we discuss the emerging understanding and 250 
knowledge gaps of how each of these environmental factors affects the different seedling 251 
life traits related to establishment.    252 
 253 
Temperature 254 
As temperature determines the rate of many physical, chemical, and biological processes in 255 
nature, it is also a key driver of processes in organisms that cannot actively regulate their 256 
temperature, including germination, physiology and growth of plants. Tree seedling 257 
occurrence thus often declines with decreasing temperature along increasing elevational 258 
gradients (Cierjacks et al. 2008; Mamet & Kershaw 2012; McIntire Eliot J. B. et al. 2016; 259 
Shen et al. 2018).  260 
Indeed, higher growing season temperature seemed to have mostly positive effects 261 
on germination, (8 out of 14 observations in the qualitative analysis; Figs. 2a and 2b). 262 
However, this was not significant in the meta-analysis (p=0.14, n=12(3): 263 
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observations(studies), Fig 2a), not because of a small average effect size, but because of the 264 
large variation among these. Tree seedling growth also seemed to respond positively to 265 
higher growing-season temperatures (13 out of 25 observations in the qualitative analysis; 266 
Fig 2b), which was supported by the meta-analysis (p=0.005, n=45(14), Fig 2a). In contrast, 267 
seedling survival response to higher temperature seemed mostly neutral (18 out of 29 268 
observations; Fig 2b), which was confirmed in the meta-analysis (p=0.65, n=27(6), Fig 2a).  269 
The large variation of the germination responses suggests that the strength of this 270 
response to temperature may be particularly variable between species or depend on the 271 
local environmental conditions or on the experienced degree of warming. For example, in 272 
Arctic tundra, as little as 1°C experimental warming led to strong increases in germination 273 
in all five tested tree species (Hobbie & Chapin 1998). Such generally high temperature 274 
sensitivity suggests that small differences in the experienced degree of warming can have 275 
strongly different effects on germination.  276 
In the 25 observations that considered both survival and growth of the same 277 
individuals, temperature had similar effect in 15 observations (Hobbie & Chapin 1998; 278 
Johnson & Yeakley 2013; Zurbriggen et al. 2013; Renard et al. 2016; Bader et al. 2017), a 279 
more positive effect on growth than survival in 7 cases  (Hobbie & Chapin 1998; Grau et al. 280 
2012, 2013), while the opposite was true only in three cases (Zurbriggen et al. 2013) . That 281 
growth responds more positively to warming than survival could be a result of a 282 
fundamental trade-off, as an increased investment in growth may prevent investment in 283 
strategies to resist, for example, cold winter temperatures or herbivory (Grime 1977; 284 
Kitajima & Myers 2008).  Altogether, across Arctic and alpine treelines worldwide, higher 285 
temperatures thus positively affect particularly tree seedling growth and sometimes 286 
germination, while seedling survival is not affected.  287 
 288 
Water 289 
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Water is crucial and can be limiting for plants, as it is lost during uptake of carbon dioxide. 290 
Water is a cue for germination, and newly germinated seedlings are, due to their small size, 291 
lack of periderm and limited access to water via their shallow roots, very sensitive to 292 
desiccation (Moles & Westoby 2004; Leck et al. 2008). Soil water availability is highly 293 
variable across space and time and determined by the balance between precipitation, 294 
evapotranspiration, inflow and run-off as well as the water holding capacity of the soil. 295 
Further, if present, bedrock or, at higher altitude or latitude, permafrost can prevent 296 
drainage and cause excess of soil moisture. As such, the importance of water for tree 297 
seedling establishment beyond the treeline can thus be expected to vary spatially.  298 
Across the different seedling life traits, the effect of (increases in) water 299 
(precipitation or soil moisture) on tree seedlings seemed relatively homogenous, with 300 
mostly neutral to positive effects (44 out of 47 observations in the qualitative analysis, Fig 301 
2b). Growth was even enhanced by water in 8 out of 11 observations. However, the meta-302 
analysis showed no significant effects of water on any of the three analysed life traits, but a 303 
large variation in effect size of water for survival. All life trait meta-analyses, however, 304 
relied on relatively few observations (Fig 2a; 5-13 observations from 1-3 studies).   305 
The large variation in seedling survival response to water suggests that, at 306 
least for this seedling life trait, the effect of water can thus be very variable. While water 307 
can be essential for seedling survival if soil moisture is low, adding more water to an 308 
already healthy seedling population might not change the overall survival. Indeed, positive 309 
survival responses in the meta-analysis were mainly from two North American sites with 310 
an annual precipitation around 900 mm (Maher et al. 2005; Gill et al. 2015), whereas 311 
survival was less responsive in a site in the European Alps with annual precipitation of  312 
1200 mm  (see Appendix S1 in Supporting Information, Loranger et al. 2016). It is thus 313 
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likely that effects of water on particularly seedling survival are strongly dependent on local 314 
hydrology, but more or targeted multi-factor studies are needed to verify this. 315 
 316 
Snow cover 317 
Snow insulates the soil and organisms underneath. Snow therefore protects low-statured 318 
plants and plant roots from extreme climate conditions and variations, such as frost 319 
damage from low temperatures in winter, freeze-thaw cycles during autumn and spring, 320 
and damage and dehydration caused by icy winds, dry winter air and frozen soils (Hardy et 321 
al. 2001; Wipf & Rixen 2010; Shen et al. 2014). Further, protection by snow improves soil 322 
nutrient status (Schimel et al. 2004). Natural occurrence of tree seedlings can therefore be 323 
associated with a sufficiently thick snow cover (Hättenschwiler & Smith 1999; Batllori et al. 324 
2009). On the other hand, a long-lying snow pack usually causes shortening of the already 325 
short growing season at the treeline, and a too thick snow cover can therefore also be 326 
associated with lower occurrence of tree seedlings (Hättenschwiler & Smith 1999; Moir et 327 
al. 1999) (Fig. 2b).  328 
The relatively low number of observations of snow cover effects on growth 329 
and survival reported neutral (10 out of 15 and 12 observations, respectively, Fig. 2b) or 330 
otherwise positive effects. This resulted in a positive snow effect on survival in the meta-331 
analysis, (p=0.013, n=8(2), Fig. 2a), but not on growth (p=0.66, n=9(1), Fig 2a). No studies 332 
considered the effects of snow on tree seed germination, despite the fact that snow can 333 
affect dormancy of seeds in alpine and subarctic plants via its effects on winter soil 334 
temperatures (Milbau et al. 2009; García-Fernández et al. 2015).  335 
Although the meta-analysis relies on studies from only two locations, the Alps 336 
and subarctic Sweden, changes in snow patterns have been associated with treeline 337 
movements elsewhere (Hagedorn et al. 2014; Renard et al. 2016). However, snow may play 338 
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a different role at different latitudes. For example, at tropical alpine treelines, cold weather 339 
occurs as stochastic events and not as one long winter. Snow cover is therefore not 340 
persistent at the alpine treeline here (Smith & Young 1987) and may play a smaller or 341 
different role for tree seedling establishment. At mid to high latitude treelines, with a 342 
defined cold season, snow is essential for plant protection during winter. Even further 343 
towards the poles and at higher elevations the growing season is increasingly short, and 344 
thick and thus persisting snow cover can also have negative effects on plant production 345 
(Wipf & Rixen 2010). In addition, long-lasting snow cover can also lead to increased 346 
susceptibility to pathogenic fungi (Olofsson et al. 2011; Barbeito et al. 2013). Because of 347 
the general importance of snow in cold climates and predictions of changes in snow 348 
patterns in climate models (IPCC 2013), studies targeting snow thickness and duration are 349 
thus necessary to understand the full role of snow and predicted changes therein for 350 
seedling establishment at the alpine and Arctic treeline. 351 
 352 
Nutrient availability 353 
In cold regions, low temperatures generally limit soil nutrient availability, especially 354 
nitrogen (N) (Schmidt et al. 2002). At the Arctic treeline, seedling occurrence was thus 355 
explained by availability of soil nutrient (Sullivan & Sveinbjoernsson 2010) (Fig. 2b). While 356 
nutrients can be expected to positively affect seedling establishment at the treeline, the 357 
respective effects of nutrient availability and temperature can be difficult to tease apart.  358 
For tree seedling growth or survival, higher nutrient availability either had 359 
positive (6 or 3 out of 8 or 7 observations, respectively) or neutral effects (Fig. 2b). 360 
However, our meta-analysis showed no effect of nutrients on growth (p=0.89, n=2(2), Fig. 361 
2b), potentially owing to the very low number of observations. No suitable observations 362 
were available for a meta-analysis of survival. No studies were found that investigated the 363 
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effects of nutrients on tree seed germination at the treeline, although N can be a trigger for 364 
germination of seeds in general (Baskin & Baskin 1998).   365 
While the absence of significant positive effects of nutrients on seedling growth may 366 
be due to the very low number of retrieved observations, the role of nutrients at the alpine 367 
and Arctic treeline may also not be straightforward. Higher nutrient availability can have 368 
positive effects on tree seedling survival, by increasing their winter survival in cold 369 
ecosystems (Weih & Karlsson 1999). At the same time, increased growth at higher nutrient 370 
concentrations might cause lower stress resistance and thereby decreased survival 371 
(Körner 1984). While types of nutrients were generally not differentiated or independently 372 
manipulated in the retrieved studies, nitrogen is generally considered the main nutrient 373 
limiting plant growth in alpine and Arctic ecosystems (Atkin 1996). However, phosphorous 374 
may co-limit plant production especially at higher elevation (Gordon et al. 2001; Weg et al. 375 
2009). The type of nutrient considered may thus be important for its effect on tree seedling 376 
establishment at higher elevation treelines. Further, the few studies investigating nutrient 377 
effects on tree seedling establishment were confined to middle and high northern latitudes 378 
(>40°), although plants often are nutrient limited at lower latitude alpine ecosystems as 379 
well (Anthelme et al. 2012). Finally, no studies so far have explicitly addressed limitations 380 
for seedling establishment from potential absence of suitable mycorrhizae above the 381 
current treeline, while such symbioses can promote seedling establishment (Van Der 382 
Heijden & Horton 2009) and is crucial for nutrient uptake in cold and nutrient-limited 383 
ecosystems (Hobbie & Hobbie 2006). Studying the effect of different nutrients or nutrient-384 
acquisition mechanisms on tree seedling establishment at a wider range of alpine and 385 
Arctic treelines is therefore necessary to understand the relative importance this factor.  386 
 387 
Light  388 
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Light is essential for plant growth. However, at low temperatures, seedling sensitivity to 389 
intense radiation increases and can even cause light inhibition (Keeley & van Mantgem 390 
2008). Where skies are clear, radiation increases with elevation and due to the lack of 391 
protection from trees, plants in alpine and Arctic tundra are more exposed than when trees 392 
are present (Körner 2007b). Both day length and light intensity or quality can trigger 393 
germination for some plant species (Koller et al. 1962). However, four studies of natural 394 
occurrence of tree seedlings all showed negative or no association with light (Fig 2b) 395 
(Akhalkatsi et al. 2006; Hughes et al. 2009; Johnson & Yeakley 2016; McIntire Eliot J. B. et 396 
al. 2016). 397 
In the qualitative analysis, light had dominantly neutral to negative effects on 398 
all seedling life traits (Fig 2b). In the meta-analysis, light overall had a negative effect on 399 
seedling survival (p=0.001, n=19(5), Fig 2a), but no effect on germination (p=0.26, 400 
n=10(2)) and growth (p=0.93, n=15(3)).  401 
The generally negative to neutral effects of high light intensities indicate that 402 
tree seedlings, especially their survival, can suffer from the higher radiation found beyond 403 
the treeline, where there is no shading tree canopy. However, all but one study related to 404 
light were performed at latitudes below 50°. Here, higher light intensities (but shorter 405 
growing-season day-lengths) are more prevalent than at higher latitudes. In addition, 406 
differences in irradiance between day and night are more distinct during the growing 407 
season at lower latitudes than at higher latitudes, which may cause more frequent night 408 
frost and thus induce photo inhibition (Germino & Smith 2000). In contrast to these 409 
generally neutral to negative results at lower latitudes, the only study performed at higher 410 
latitude found positive effects of light intensity on tree seedling establishment (Cranston & 411 
Hermanutz 2013). While tree seedlings at lower-latitude treelines thus seem hampered or 412 
unaffected by the high light availability, light availability or the associated radiative heating 413 
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might be a limiting factor for tree seedlings at higher-latitude treelines, but more studies 414 
are needed to verify this. 415 
 416 
Surrounding vegetation 417 
Plant interactions have traditionally been considered to be mainly negative, in the form of 418 
competition. However, plant interactions at alpine treelines can be expected to also include 419 
facilitation, as plants, including seedlings, increasingly rely on protection from neighbours 420 
when climatic conditions get harsher (Callaway et al. 2002). Indeed, examples of both 421 
competition and facilitation at the treeline are found. Natural tree seedling occurrence was 422 
more often associated with patches without vegetation than with patches with surrounding 423 
vegetation in 7 out of 23 observations (Moir et al. 1999; Ninot et al. 2008; Batllori et al. 424 
2009; Greenwood et al. 2015; Stine & Butler 2015), indicating competition. In contrast, in 9 425 
observations tree seedling occurrence was more associated with vegetation (Camarero & 426 
Guitiérrez 1999; Germino et al. 2002; Akhalkatsi et al. 2006; Hughes et al. 2009; Mamet & 427 
Kershaw 2012; Perkins 2015; Gelderman et al. 2016), indicating facilitation. (Fig 2b). 428 
Vegetation type likely plays an important role for the outcome of interactions. For example, 429 
graminoids and herbs were consistently associated with negative effects on seedling 430 
occurrence, possibly because of their usually high density at the ground surface. Further, in 431 
4 of the 23 observations, seedling occurrence was more associated with certain vegetation 432 
types than others (resulting in complex overall vegetation response, Fig 2b, (Anschlag et al. 433 
2008; Sullivan & Sveinbjoernsson 2010; Dufour-Tremblay et al. 2012; Wang et al. 2012). 434 
Only in 3 of the studies, did surrounding vegetation not predict the number of naturally 435 
occurring tree seedlings (Cierjacks et al. 2008). 436 
For germination, the effect of neighbours was less studied than for the other 437 
life traits. Here, the qualitative analysis showed rather mixed effect of neighbours, with 1, 438 
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5, and 2 observations showing negative, neutral and positive responses, respectively. 439 
However the meta-analysis revealed a positive trend (p=0.09, n=13(5), Fig 2a). For growth, 440 
the qualitative analysis showed that neighbours had a negative effect in more than half of 441 
26 observations (Fig 2b). The negative mean effect size in the meta-analysis was, however, 442 
not significantly different from zero (p=0.29, n=38(15), Fig 2a). The effect of neighbouring 443 
vegetation on survival was mixed in the qualitative analysis, with 7, 16 and 12 observations 444 
showing negative, neutral and positive responses, respectively (Fig 2b), which was 445 
supported by no significant effects in the meta-analysis (p=0.15, n=21(13), Fig 2a).  446 
Across the relatively large number of observations of impacts of surrounding 447 
vegetation on tree seedling growth and survival, the results were thus variable, with clear 448 
positive and negative effects in individual studies, resulting in no overall ‘global’ impact but 449 
potentially complex relations with other environmental conditions. Also, it is possible that 450 
some of this variation for seedling growth stems from the use of different response 451 
parameters between individual observations. For example, seedlings might grow taller in 452 
the presence of a neighbour to compete for light but without gaining more biomass. 453 
However, the relatively high number of studies reporting negative effects of vegetation on 454 
tree seedling growth suggests that competition at the treeline is not uncommon in many 455 
sites. Facilitation tends to affect germination in general and promotes survival in a 456 
substantial part of treeline sites. The variation in the impact of surrounding vegetation on 457 
seedlings between observations and between seedling life traits is my partly be caused by 458 
the various natures of these impacts. Positive effects of surrounding vegetation likely 459 
operate through enhancing accumulation of snow or via protection from light and wind 460 
(Akhalkatsi et al. 2006; Grau et al. 2012).  However, protection by other vegetation from 461 
the aboveground harsh environment at the treeline does not necessarily mean that there is 462 
no simultaneous competition for light, or belowground for nutrients or water. For example, 463 
the facilitative effect of plants can change towards competition when protective elements 464 
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against wind are installed (Renard et al. 2016). Similarly, cover by tall grasses protected 465 
conifer seedlings from radiation, but when the closest herbaceous plants where removed, 466 
only the negative effects from belowground competition remained and survival decreased 467 
(Germino et al. 2002). Further, the different stages of development from seed to seedling 468 
have different resource requirements and limitations and may thus show different 469 
sensitivities to competing or facilitating roles of neighbours. 470 
Despite the high number of studies on seedling – neighbour interactions 471 
across all latitudes, there were no clear latitudinal patterns, likely because the direction of 472 
plant interactions are strongly dependent on other factors, such as precipitation or wind, 473 
which vary at a local scale. Conducting multifactorial experiments in order to unravel the 474 
dependencies on environmental context is thus important to fully understand the outcome 475 
of seedling – neighbour interactions. 476 
 477 
Other factors 478 
Besides the environmental factors discussed above, several other factors could be 479 
important for seedling establishment at the alpine and Arctic treeline, e.g. herbivory, fire, 480 
(ground) disturbance, wind or frost. However, none of these factors has been investigated 481 
with enough replication or consistency to allow a formal meta-analysis or even qualitative 482 
comparison (see Appendix S2). Below, we therefore review some current insights to 483 
identify potential additional research gaps. 484 
 Despite an acknowledged important role for treeline dynamics (Cairns & Moen 485 
2004) only few studies investigate effects of herbivores at the tree seedling stage and find 486 
that herbivores presence has mixed effects on seedlings occurrence (Cierjacks et al. 2007, 487 
2008; Speed et al. 2010). Negative effects are likely due to browsing damage (Hofgaard et 488 
al. 2010; Munier et al. 2010; Speed et al. 2011), whereas positive effect could be due 489 
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disturbance through digging or trampling leading to increased germination through 490 
increased exposure for the seeds to moist substrate (Munier et al. 2010).  Another 491 
disturbance factor at some alpine and Arctic treelines is fire, which makes nutrients 492 
available and open establishment sites to establishing plants (Stine & Butler 2015). 493 
However, loss of protective plant neighbours (Green 2009) or inoculum for mycorrhiza 494 
(Hewitt et al. 2017) due to fires could have negative effect for seedlings. Seedling exposure 495 
to e.g. wind (Batllori et al. 2009; Greenwood et al. 2015; McIntire et al. 2016; Tomback et al. 496 
2016; Bürzle et al. 2018) and freezing (Germino & Smith 2000; Shen et al. 2014) seems to 497 
play an important role but only few studies specifically consider such effects. Fire 498 
frequency and intensity may increase with climate warming (Hu Feng Sheng et al. 2010) 499 
and herbivory is determined by varying livestock management. Getting a better 500 
understanding of how tree seedlings are affect by these major disturbance factors thus 501 
seems crucial. 502 
 503 
Relative importance and interactions of environmental factors 504 
As discussed above, establishing tree seedlings can potentially be affected by a wide range 505 
of environmental factors, due to their small size and therefore limited reserves or 506 
protective structures. Because of the generally harsh conditions at the alpine treeline, it is 507 
likely that multiple environmental factors act simultaneously and their relative importance 508 
may vary in space or time. Moreover, they may alter each other’s impacts. Understanding 509 
the relative effects on seed germination, and seedling growth and survival of different 510 
environmental factors compared with temperature, as well as their interactions, is thus 511 
needed to understand the controls on tree seedling establishment at the alpine or Arctic 512 
treelines in a changing climate. 513 
 514 
Germination 515 
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Across the 11 observations (3 studies) that investigated the effects of temperature and at 516 
least one of two other environmental factors on tree seed germination, temperature caused 517 
a stronger response that the other factor in two cases, while the opposite was true for 6 518 
cases (Table 1). The effects and relative importance of temperature and soil moisture 519 
varied strongly between seven tree species (Loranger et al. 2016; Kueppers et al. 2017) 520 
(Table 1). However, three significant interactions between soil moisture and warming 521 
indicated that the two factors might enhance each other’s impacts. Further, in 3 out of 4 522 
observations, ground disturbance alone or in combination with herbivore exclusion had a 523 
2-10 times higher positive effect on germination of Picea Mariana seeds than did the 2.2°C 524 
warming treatment (Table 1, Munier et al. 2010). Similar results were found for 17 sub-525 
alpine and alpine non-tree species, where disturbance rather than temperature limited 526 
seed germination (Milbau et al. 2013). The effect of warming on germination was increased 527 
by disturbance, likely due to improved contact to moist substrate (Munier et al. 2010), 528 
which is in line with the generally positive effects of moisture on germination found in the 529 
singe-factor studies. The general paucity of multi-factor studies on tree seed germination at 530 
the treeline and the occurrence of several significant interactions suggest that further 531 
studies are needed in order to understand how and where climate warming will impact the 532 
treeline via seed germination.   533 
 534 
Growth 535 
Across the 27 observations (8 studies) that compared the effect of temperature on tree 536 
seedling growth to at least one of 5 other environmental factors, the majority (19 537 
observations) found responses of similar size of temperature and the other factor. 538 
Temperature caused a stronger response than the other factor in three cases, while the 539 
opposite was true for four cases (Table 1). Especially when warming and neighbouring 540 
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vegetation was compared, the response of the seedlings to neighbours varied with both 541 
stronger and weaker relative responses compared to warming (Table 1). The relative 542 
importance of factors may partly depend on the size of the manipulation. For example, in 543 
the study of Okano & Bret-Harte (2015) where warming caused a larger effect on growth 544 
than vegetation removal, temperature was increased by almost 7°C. This is 3-7 times more 545 
than the temperature increase in other studies (see Appendix S3) and most likely more 546 
than can be expected from climate change.  547 
Warming interacted in 8 observations (out of 23 studies) with another factor’s 548 
effect on tree seedling growth (Table 1). Seedling growth of 4 coniferous tree species 549 
responded more positively to warming in combination with watering, suggesting that they 550 
became water limited under warmed conditions (Moyes et al. 2015; Lazarus et al. 2018). So 551 
although water did not affect growth in the single-factors meta-analysis, its importance for 552 
moderating warming responses should be pointed out. Further, two studies found that 553 
when local vegetation was removed, seedling growth response to temperature was 554 
increased (Grau et al. 2013; Okano & Bret-Harte 2015). At the same time this lead to a 555 
decrease in the facilitative effect of vegetation (Grau et al. 2013) or an actual turn towards 556 
competition (Okano & Bret-Harte 2015). This suggest that with climate warming, alpine 557 
vegetation could exert an increased competitive barrier for tree seedling success, as also 558 
observed in alpine communities for non-tree species (Anthelme et al. 2014). Okano & Bret-559 
Harte (2015) suggested that increased competition following warming may be caused by 560 
an increased N-demand. In line with this, seedling growth responded less to warming in 561 
the presence of shrubs potentially due to competition (Grau et al. 2013). Further, tree 562 
seedlings were more responsive to higher nutrient availability under elevated 563 
temperatures at the alpine treeline (Grau et al. 2012) and under controlled conditions 564 
(Hoch 2013; Lett et al. 2017a), suggesting that the demand for nutrients at the alpine 565 
treeline increases with warming.  566 
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Based on these relatively few studies, it seemed that surrounding vegetation 567 
might be more important for seedling growth than warming, while resources (i.e. water 568 
and nutrients) may not. Further, both surrounding vegetation and soil moisture may 569 
strongly alter the effect of warming. The results demonstrate that while temperature often 570 
(co-) limits tree seedling growth at the alpine or Arctic treeline, its specific role can depend 571 
on the context. 572 
 573 
Survival  574 
Thirty-eight observations (9 studies) compared the effects of temperature to one of five 575 
other environmental factors. Despite the many studies most (27 observations) showed 576 
similar sized responses between the two factors. In 5 observations, temperature had a 577 
stronger, negative effect on seedling survival, while in 6 observations, the other factor had 578 
a stronger effect (Table 1). In all but one of 8 observations, soil moisture had a similar or 579 
more positive effect on seedling survival than warming. Snow addition had similar neutral 580 
or positive effects on survival in 12 observations (Bader et al. 2017; Lett et al. 2017b).  581 
The effect of warming on seedling survival was only changed by that of another 582 
factor in three out of the 32 observations where this was tested (Table 1). As such, 583 
seedlings growing at colder elevations benefitted more from increased snow cover than 584 
those in a warmer environment in two observations (Lett et al. 2017b) and moisture 585 
addition changed the effect of warming from negative to positive (Loranger et al. 2016). In 586 
summary, as warming had a relatively small negative or no effect on survival, other factors 587 
played a relatively larger role. The interactions between snow or moisture with warming 588 
highlights that the outcome of changes in precipitation and temperature (IPCC 2013) could 589 
affect seed germination at the treeline.   590 
 591 
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Conclusions and implications for future research  592 
The studies published so far show that although temperature is often limiting tree seedling 593 
establishment at alpine and Arctic treelines, many other factors affect tree seedlings as 594 
well. It is also apparent that different seedling life traits do not respond similarly to 595 
environmental factors. A good place to germinate is not necessarily a good place to grow or 596 
survive (Schupp 1995). The meta-analysis showed that tree seedling growth was clearly 597 
increased by temperature while germination tended to be increased by the presence of 598 
plant neighbours and survival was enhanced by increased snow cover and decreased by 599 
light. However scarcity of studies for some environmental factors and some response 600 
parameters prevent us from concluding if these are the only important drivers for tree 601 
seedling establishment at the alpine treeline. Whether tree species of different life 602 
strategies consequently show different responses to temperature and other environmental 603 
factors was not evaluated here but this likely plays an important role (Maestre et al. 2009). 604 
Experimental studies including species representing different strategies simultaneously 605 
could help answer this question. 606 
 Comparing the effect of warming with other environmental factors showed that 607 
warming was as often as not the strongest factor influencing seedling establishment. 608 
However, in most cases the response was of a similar size. Also, it was not uncommon that 609 
the effect of warming interacted with the other factor. For example soil moisture and 610 
neighbouring vegetation often moderated the warming effect. As global change often 611 
involves more than just temperature changes alone this highlight the need for 612 
multifactorial experiments for truly understanding tree seedling establishment beyond the 613 
alpine and Arctic treeline.  614 
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Table 1 Overview of number of observations from experimental studies were the effect of 1110 
warming and other environmental factor was tested simultaneously. Relative strength of 1111 
response indicate sum of observations where seedling responded less (<), equally (=) or 1112 
more (>) to warming (W) than the other factor (OF). Number of significant interactions 1113 
(INT) between W and the OF out of the number of observations where this was tested for 1114 
are given and if the outcome of the interaction was positive (+), negative (–) or complex, i.e 1115 
involving a third factor. NAs indicate where no test for interactions were performed. See 1116 
Appendix S3 in Supporting Information for full table with direction of responses. 1117 
  Relative strength of 
response 
 
Seedling life 
trait 
Factor compared with 
warming 
W<OF W=OF W>OF INT / # tested (outcome of 
INT) 
Germination Soil moisture 3 2 2 2/2 (+ and –) 
 Dist. /herbivore excl. 3 1 0 3/3 (+ and –) 
Growth Soil moisture 0 4 0 4/4 (– 
 Snow addition 0 10 0 0/10  
 Fertilisation 1 1 0 1/2 (+) 
 Vegetation (removal) 2 3 2 3/7 (+ and complex) 
 Dist./herbivore excl. 1 1 1 NA 
Survival Soil moisture 3 4 1 1/7 (+) 
 Snow addition 2 10 0 2/12 (–) 
 Fertilisation 0 2 0 0/2 
 Vegetation (removal) 0 9 4 0/13 
 Dist. /herbivore excl. 1 1 0 NA 
 1118 
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 1119 
Fig 1 Distribution of observations from the alpine or Arctic treeline across latitude and 1120 
hemisphere (northern: white, southern: black) averaged across studies on germination or 1121 
seedling survival, growth or occurrence (a).  Distribution of observations of tree seed 1122 
germination or tree seedling survival, growth or occurrence across continents (b). 1123 
 1124 
 1125 
Fig 2 Effect size (mean Hedges’ g ± 95% confidence interval; significance and sample size) 1126 
across observations of the impact of environmental factors on germination or seedling 1127 
survival or growth of tree seedlings at the alpine or Arctic treeline (a). Observe that a 1128 
negative effect size indicates a positive effect of the treatment. Distribution of observations 1129 
investigating effects of environmental factors on germination or seedling survival, growth 1130 
or occurrence of tree seedlings at the alpine or Arctic treeline, and obtaining negative, 1131 
neutral, positive or complex impacts of the investigated factor (b). 1132 
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Global	 drivers	 of	 tree	 seedling	 establishment	 at	 alpine	 treelines	 in	 a	
changing	climate		Lett	S	and	Dorrepaal	E	
	Forest	 plots	 for	 individual	 meta-analyses	 of	 environmental	 factor	 (A:	temperature,	B:	water,	C:	Light	and	D:	vegetation)	effects	on	seed	germination	of	tree	seeds	at	the	alpine	or	Arctic	treeline.	In	brackets	of	each	plot	is	the	output	of	the	test	for	heterogeneity	(Q-test).	Studies	are	ordered	according	to	approximate	latitude	(10	degree	intervals)	with	studies	from	lowest	 latitudes	placed	highest	in	the	plot.		
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Global	 drivers	 of	 tree	 seedling	 establishment	 at	 alpine	 treelines	 in	 a	
changing	climate		Lett	S	and	Dorrepaal	E	
	Forest	 plots	 for	 individual	 meta-analyses	 of	 environmental	 factor	 (A:	temperature,	B:	water,	C:	Snow,	D:	Nutrient,	E:	Light	and	F:	Vegetation)	effects	on	tree	seedling	growth	at	 the	alpine	or	Arctic	 treeline.	 In	brackets	of	each	plot	 is	the	output	of	the	test	for	heterogeneity	(Q-test).	Studies	are	ordered	according	to	approximate	 latitude	 (10	 degree	 intervals)	 with	 studies	 from	 lowest	 latitudes	placed	highest	in	the	plot.	
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	Forest	 plots	 for	 individual	 meta-analyses	 of	 environmental	 factor	 (A:	temperature,	 B:	 water,	 C:	 Snow,	 D:	 Light	 and	 E:	 Vegetation)	 effects	 on	 tree	seedling	survival	at	 the	alpine	or	Arctic	 treeline.	 In	brackets	of	each	plot	 is	 the	output	 of	 the	 test	 for	 heterogeneity	 (Q-test).	 Studies	 are	 ordered	 according	 to	approximate	 latitude	 (10	 degree	 intervals)	 with	 studies	 from	 lowest	 latitudes	placed	highest	in	the	plot.	
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